We have studied quantitatively the effect of the corepressor, S-adenosylmethionine (SAM), on the interaction between the E.coli methionine repressor, MetJ, and an idealised operator fragment, by recording measurements of surface plasmon resonance using a BIAcore™ instrument. We have recorded kinetic binding data in the presence of SAM, which carries a net positive charge, and two corepressor analogues, adenosylornithine (AO) and aza-SAM, which differ in the location of the atom carrying the positive charge. Our data support the hypothesis that the effect of the corepressor is electrostatic in origin. The difference in electrostatic interaction energy between the SAM-and AO-repressor-operator complexes of ^3.5 kJ/mol calculated from the known three-dimensional structure is within the range of our experimentally determined values of 2.8-4.3 kJ/mol. These results illustrate the potential of SPR measurements for studying protein-nucleic acid interactions.
INTRODUCTION
The E.coli methionine repressor, Met!, a homodimer of 12 kDa sub-units, is a DNA binding protein in the P-ribbon-helix-helix family. Affinity for operator DNA is increased over I OO-fold by the binding of a molecule of corepressor, S-adenosy I methionine (SAM), to each subunit (1) . The met repressor binds to at least eight different operator sequences in the E.coli genome, which are composed of between two and five repeats of an eight base-pair (bp) sequence, known as a met-box. The 8 bp consensus sequence has the dyad symmetric sequence dAGACGTCT (2) . The minimal, effective repression complex comprises two repressor dimers bound to a two met-box operator, i.e. 16 bp.
The three-dimensional structures of the aporepressor, holorepressor and repressor-operator complexes have been solved by X-ray crystallography (3, 4) . The different crystal structures show that the protein undergoes no significant structural changes on the binding of SAM or SAM plus DNA. This is in contrast to other regulatory proteins, such as TrpR or CRP, that undergo large conformational changes on the binding of effector which affect specific binding to target DNAs (5, 6) . In MetJ the SAMs are situated on the opposite face of the protein from the one which contacts the DNA (Fig. la) . Thus the crystal structures do not directly reveal the mechanism by which SAM binding increases the affinity for operator.
Filter-binding and equilibrium dialysis assays have shown that although S-adenosylhomocysteine (SAHC), a relative of SAM with no net charge, binds competitively to MetJ it is unable to act as a corepressor (7) . This strongly implicates the net positive charge on the tertiary sulphur of SAM in the mechanism of co-repressor action, despite its distance (19.4 A being the closest approach) from the DNA in the operator complex. Phillips and Phillips (8) have calculated the electrostatic potential of SAM and a number of analogues in the environment of both the protein alone and in the DNA complex. According to these calculations the complex is stabilised by l=5 = ! 3.5 kJ/mol, relative to the uncharged complex, by the propagation of the net positive charge from the SAMs through the repressor-operator complex, resulting in a significant, positive electrostatic potential at DNA phosphate groups buried by complex formation. This model has been termed the 'electric genetic switch' (8) .
We have tested this hypothesis by studying the kinetics of operator binding by Met! in the presence of SAM and two analogues, adenosylornithine (AO) and aza-SAM (Fig. 1 b) . Both these analogues have the potential to carry a net positive charge at quaternary nitrogen atoms instead of the tertiary sulphur of SAM. Aza-SAM is isostmctural with SAM, whereas in AO the nitrogen is displaced from the equivalent sulphur position by the length of one carbon-nitrogen bond. For aza-SAM the distance between the charge and the DNA would be the same as that for SAM and therefore the affinities of the Metl/effector complex for operator DNA would be expected to be about the same. In the AO complex, where the distance between the charge and DNA is increased, the affinity should show a corresponding decrease. Thus if the electric-genetic switch model is correct the order of effectiveness of the SAM analogues as corepressors would be SAM «=» aza-SAM > AO > SAHC.
In order to be able to compare the apparent affinities of the MetJ-effector complexes under as nearly identical conditions as possible we have used the technique of surface plasmon resonance (SPR). as implemented on the Pharmacia BIAcore instrument (9) , to make real-time kinetic measurements of protein binding to immobilised operator DNA. From such data we have calculated the apparent association and dissociation rate constants of MetJ binding to operator DNA in the presence of SAM or its analogues.
The results are consistent with the electric genetic switch concept and demonstrate that SPR is a powerful tool for the analysis of protein-nucleic acid interactions.
MATERIALS AND METHODS

MetJ
The wild type repressor protein was prepared from a recombinant expression plasmid as described previously (10) and stored as an ammonium sulphate precipitate. Prior to use the precipitate was resuspended in the experimental buffer and desalted on a NAP 25 column (Pharmacia) equilibrated in the same buffer. The protein concentration was then determined spectrophotometrically using e 280 -15340 M~' cm"' for the Metl monomer (11).
Operator fragments
The operator fragments used in the binding assays were based on the minima] ideal operator site, containing a tandem repetition of an 8 bp consensus met-box flanked by 8 bp sites designed to prevent binding to the flanking sequence, the anti-met-box (1), shown below
5'-CCGGCAGG AGACGTCT AGACGTCT CCTGCCG-3'
For the initial experiments, the operator fragment was prepared by annealing equimolar amounts of two oligonucleotides, comprising the above sequence, one of which contained a 5'-biotinylated residue. Subsequent experiments were performed with operator fragments prepared using the polymerase chain reaction (PCR). The sequence described above was incorporated into a 79 bp oligonucleotide. Primers corresponding to the 5'-and 3'-ends of this template were synthesised, one with biotin at the 5'-end. These were then used to amplify the operator containing DNA, following standard procedures, giving rise to a 79 bp operator fragment, biotinylated at one end. Unincorporated primers, nucleotides and polymerase were removed using PCR clean-up columns (Qiagen).
Co-repressor analogues
The co-repressor and analogues (effectors) used were either purchased or synthesised directly. S-adenosyl-L-methionine, p-toluenesulphonate salt was from Sigma (A2408) and adenosylornithine (sinefungin) was from CalBiochem (56705). Aza-SAM(5'-[(S)-3-amino-3-carboxypropyl]methylamino-5'-deoxy-Dadenosine) was synthesised in house and characterised by IR, U V, 'H and I3 C spectra as well as elemental analysis and mass spectroscopy. Calculated molecular weight 382.183; found 382.183.
Surface plasmon resonance
SPR is an optical phenomenon, occurring in metal films under conditions of total internal reflectance. A component of the momentum of incident light, the evanescent wave, penetrates the metal and extends from the back face of the film. The evanescent wave will under certain conditions interact with free, oscillating delocalised electrons (plasmons) in the metal film. When resonance occurs, light energy is lost to the metal film and the reflected light intensity is decreased. Resonance will occur only for light incident at a sharply defined angle, which is dependent on the refractive index at the back face.
Instrumentation
The BIAcore system contains an SPR monitor and an integrated microfluidic cartridge that, together with an auto sampler, controls the delivery of sample plugs into a running buffer that continuously passes over a sensor chip surface in a flowcell. Detection occurs on the sensor chip consisting of a glass plate coated with a thin film of gold to which carboxymethylated dextran is immobilised via a hydroxyalkanethiol. Plane polarised light is focused in a transverse wedge on the face of the sensor chip opposite to the gold layer. Reflected light intensity is monitored by a fixed two-dimensional diode array and the resonance angle determined by computer. By continuously monitoring resonance angle shift, the change in refractive index close to the surface can be detected. When the refractive index changes, measured in arbitrary resonance units (RU: 1000 RU = 0.1° resonance angle shift) are plotted against time a sensorgram is obtained. The resonance signal at any point in time will be the sum of the refractive index contributions from interacting molecules at the sensor chip surface and bulk solution effects in the flowcell.
The sensor surface
Sensor chip SA (Pharmacia Biosensor) surfaces with streptavidin pre-immobilised to the dextran were used. A continuous flow of TKE (20 mM Tris-HCl, 200 mM KC1, 0.5 mM EDTA, 0.005% (v/v) Pharmacia detergent P20, pH 7.4) was maintained at 5 Hl/min. The operator DNA, described above, was diluted to 0.1 |ig/ml in 20 mM Tris-HCl, 0.3 M NaCl, 0.5 mM EDTA pH 7.4 and applied to the sensor chip surface for a contact time of 5 min resulting in the capture of between 800 and 1000 RU of the PCR generated DNA.
Repressor binding assays
The buffers used were either TKE or MKE [20 mM Mes, 200 mM KC1, 0.5 mM EDTA, 0.005% (v/v) P20 detergent, pH 5.5]. The repressor was diluted in the appropriate experimental buffer containing saturating levels of effector. To measure the dissociation in the presence of co-repressor an injection command was used which allows two consecutive injections of sample with no intermediate delay. The first injection was of repressor plus effector (30 |il) and the second was of effector alone (30 \i\). At the end of each experiment the DNA surface was regenerated by an injection of 15 |xl 0.05% w/v SDS. A flow rate of 30 uJ/min was used and the RU values recorded at 0.2 s intervals. For quantitative measurements the bulk solution refractive index changes must be corrected for. This was done by subtracting the SPR signals generated by passing sample solutions across an underivatised surface from those obtained from a surface with operator DNA bound.
Data evaluation
Data were analysed using the BIAevaluation software package which is supplied with BIAcore. A thorough treatment of molecular binding kinetics in BIAcore has been presented previously (12, 13) . Briefly, when repressor is injected over the sensor chip surface, the solution in contact with the DNA is constantly being replenished and the protein concentration can therefore be thought of as constant and equal to the concentration of repressor in the solution being injected. The reaction between immobilised DNA and repressor is therefore assumed to follow pseudo-first-order kinetics described by the equation
Where dR/dt is the rate of complex formation, k^ is the apparent association rate constant, k^iss is the apparent dissociation rate constant, R is the amount of bound repressor, Rmax is the maximum repressor binding capacity of the surface, and C is the repressor concentration in the solution. The slope of this line yields the apparent association rate constant and the y-intercept the apparent dissociation rate constant. However, for low values of kdi ss the intercept is too close to the origin to allow accurate determination. During the dissociation phase, when buffer plus effector has replaced the repressor solution, the concentration of repressor effectively drops to zero if there is no significant rebinding and then 1 becomes dR/dt = -or In (Ro/R n ) = where Ro, R n , to and t n are values obtained along the dissociation curve at times 0 and n. The apparent dissociation rate constant can be obtained from the slope of the line ln(RryR n ) vs (t n -to). The ratio of the apparent rate constants allows the apparent equilibrium constant to be calculated, Kj' -/y (iSi /A^.
RESULTS AND DISCUSSION
Preliminary experiments involving immobilised, operator DNA suggested that it would be possible to analyse the kinetics of the Metl/operator system in the BIAcore instrument. A typical sensorgram, outlining the different stages, without correction for bulk solution refractive index changes, is shown in Figure 2 . However, protein-nucleic acid interactions typically have very high association rate constants. In a continuous flow system, mass transfer limitations may impair the assessment of the binding rate constants (15) . This effect must be minimised by keeping the ligand concentration as low as possible without impairing the signal to noise ratio. The rates reported here were calculated from sensorgrams recorded from a surface derivatised with a low level of immobilised ligand. Although our calculated ka SS values for operator binding of 10 5 -10 6 M"'s~' are close to the limit at which mass transfer will affect the result, the apparent affinities we have determined for several mutant repressors give almost identical values to those obtained by both nitro-cellulose filter binding and gel retardation assays (data not shown).
In order to obtain kinetic data under conditions of saturating effector concentration, it was first necessary to establish the approximate affinities of the different effectors. In these experiments, the operator fragment bound to the sensor chip surface was prepared from complementary, annealed oligonucleotides (see Materials and Methods). Multiple sensorgrams were collected where the concentration of MeU was kept constant at 500 nM (Kjby gel-shift analysis -4 nM) and the concentration of effector was varied between 10 (xM and 10 mM. The results are shown in Figure  3 and the calculated kinetic constants listed in Table 1 . The dissociation in these experiments was biphasic, initially thought to be due to a complication from heterogeneity in the immobilised ligand from doubly biotinylated fragments. Subsequent kinetic measurements were made with the PCR amplified DNA. However, the sensorgrams with the two types of DNA are very similar.
Kinetic constants for the Metl-operator interaction were determined under saturating effector conditions or as close to such conditions as was practical. Multiple experiments were performed where varying protein concentrations (60-240 nM) were applied to the sensor chip in the presence of the effector. Figure 3 shows typical sensorgrams for the binding of MeU to the operator fragment in the presence or absence of the three effectors, corrected for bulk solution refractive index changes. Binding did not reach equilibrium within the contact time studied. This is limited by the size of the sample loop in the BIAcore. We, therefore, used the linear kinetic analysis package described in Materials and Methods to obtain values for ka SS and kdiss-Although the system is clearly multicomponent since the complex being formed contains a dimer of repressor dimers, over the protein concentration range used the data do fit well to the pseudo-first-order model, as can be seen from Figure 4 . The plots of ln(R|/R n ) vs time are biphasic but can be described in terms of two linear processes: one up to 5 s after the start of dissociation and one between 10 and 25 s after the start. Since roughly 50% of the initial complex had dissociated after 5 s this portion of the curve clearly represents dissociation of the repressor-operator complex rather than trivial effects due to The kinetic constants were then used to calculate apparent Kj'S for operator binding. Values were calculated using both dissociation rate constants (kdj ss ] and /y,. w 2) for each sample (Table 1) . At pH 7.4 we were unable to obtain consistent data with the aza-SAM analogue. This anomaly was resolved when the p/Q, of aza-SAM was determined by NMR pH titration and found to be unusually low (7.09). In the standard binding experiments, the aza-SAM would have only been some 30% charged. So even though it is isosteric with SAM, uncharged aza-SAM is unable to elicit the same response. The binding experiments with SAM and aza-SAM were therefore repeated at pH 5.5. The results showed that, when fully protonated, aza-SAM is at least as good a co-repressor as SAM (Table 1) , again consistent with the electrostatic model.
To date the BIAcore instrument has been used to analyse the binding of both Lac repressor (15) and the eukaryotic transcription factor ETS1 (16) to their respect target DNA sites. It has also been used to quantitate the interaction of single-strand binding protein with DNA (17) . The data reported here extend the uses of the instrument to allow detailed measurements of the role of effector molecules upon DNA binding under identical conditions. The relatively close agreement between fQ' values determined with the BIAcore and by nitrocelluose or gel retardation assays, which are commonly used to study protein-DNA interactions, suggests that the technique will prove very valuable in such experiments.
